A pproximAtely 475,000 children are treated for traumatic brain injury (TBI) in the US each year. 13 Falls appear to be the most frequent mechanism in children < 12 years old, whereas assault, sports activities, and motor vehicle crashes (MVCs) are more common in adolescents. 19 Although the majority of children with TBI sustain mild TBI, defined by a Glasgow Coma Scale (GCS) score of 13-15, it remains the leading cause of death and disabilities in children > 1 year old. Consequently, children with TBI and positive findings on cranial CT scans (i.e., intracranial hemorrhage [ICH] or skull fracture), regardless of severity, are often monitored in intensive care units (ICUs) for early detection of secondary brain injury. Patients with positive findings on head CT, defined as either intracranial hemorrhage or skull fracture, regardless of severity, are often transferred to tertiary care centers for intensive care unit (ICU) monitoring. This practice creates a significant burden on the health care system. The purpose of this investigation was to derive a clinical decision rule (CDR) to determine which children can safely avoid ICU care. METHODS The authors retrospectively reviewed patients with mild TBI who were ≤ 16 years old and who presented to a Level 1 trauma center between 2008 and 2013. Data were abstracted from institutional TBI and trauma registries. Independent covariates included age, GCS score, pupillary response, CT characteristics, and Injury Severity Score. A composite outcome measure, ICU-level care, was defined as cardiopulmonary instability, transfusion, intubation, placement of intracranial pressure monitor or other invasive monitoring, and/or need for surgical intervention. Stepwise logistic regression defined significant predictors for model inclusion with p < 0.10. The authors derived the CDR with binary recursive partitioning (using a misclassification cost of 20:1). RESULTS A total of 284 patients with mild TBI were included in the analysis; 40 (14.1%) had ICU-level care. The CDR consisted of 5 final predictor variables: midline shift > 5 mm, intraventricular hemorrhage, nonisolated head injury, postresuscitation GCS score of < 15, and cisterns absent. The CDR correctly identified 37 of 40 patients requiring ICUlevel care (sensitivity 92.5%; 95% CI 78.5-98.0) and 154 of 244 patients who did not require an ICU-level intervention (specificity 63.1%; 95% CI 56.7-69.1). This results in a negative predictive value of 98.1% (95% CI 94.1-99.5). CONCLUSIONS The authors derived a clinical tool that defines a subset of pediatric patients with mild TBI at low risk for ICU-level care. Although prospective evaluation is needed, the potential for improved resource allocation is significant.
increased intracranial pressure (ICP), cerebral ischemia, and expanding extraaxial hematoma, are the leading cause of inpatient death after TBI.
14 Despite this discernable societal impact, the need for ICU monitoring specifically in children with mild TBI is not well defined, and this practice pattern, which is augmented by transfers from nontertiary care hospitals, creates a significant burden on the health care system.
Based on clinical observation, most children with mild TBI who are admitted to the ICU never require critical care measures or surgical intervention. This parallels findings in the adult population with mild TBI. 11, 16, 21, 23, 24 In a retrospective study of 321 adult patients with mild TBI, 3 patients (< 1%) developed neurological decline requiring medical intervention and 4 patients (1%) required neurosurgical intervention. 24 The authors of this study also reported specific cranial CT criteria to better select patients for ICU admission. Due to this uncertainty about disposition, Nishijima et al. derived a clinical decision rule (CDR) that successfully identified a subgroup of adults with mild TBI that may not require ICU admission. 16 To our knowledge, a CDR that tests the need for ICU admission in the pediatric population with mild TBI has not been created. 1, 7, 21, 23 Although some management guidelines in the pediatric population with TBI are fairly well established, such as the use of serial neurological examinations, indications for obtaining an initial head CT, and the need for repeat imaging when monitoring for significant delayed intracranial injury, the guidelines are based largely on retrospective data. 6 In addition, there are numerous other factors that may influence clinical decisions in these patients, including mechanism of injury, time from injury, age, ability to perform an accurate neurological examination, and the presence of distracting injuries. The objective of this study was therefore to develop and evaluate a CDR that identifies low-risk pediatric patients with mild TBI that can be safely managed in non-ICU settings.
Methods

Study Design and Setting
We retrospectively reviewed pediatric patients with mild TBI presenting to a single Level 1 trauma center between 2008 and 2015. Data were abstracted from prospectively collected institutional TBI and trauma registries. Each registry uses standardized data collection forms. Variables included the following: age; sex; comorbidities; medication use; vital signs; postresuscitation GCS score; mechanism of injury; cranial CT findings; neurological examination findings; and Injury Severity Score (ISS). Cranial CT findings were determined by the oncall neurosurgery and radiology teams, and often-but not always-occurred in conjunction with a neuroradiologist's interpretation. After inspection for accuracy, the 2 registries were merged using patient medical record numbers and Microsoft Excel for Mac (version 15.23.2) . Missing data were obtained from the electronic medical record where available. Data abstractors were not blinded to study objectives. The institutional review board at the study site approved the study.
Patient Selection
To be included in the analysis, patients had to be ≤ 16 years old, have suffered a mild TBI, and have a documented initial nonoperative treatment plan. Specific cranial CT characteristics also had to be available, and included the amount of midline shift (MLS), types of ICH, skull fractures, and cistern patency. Our definition of a nonisolated head injury was modified from the Abbreviated Injury Scale system (injuries associated with a score of ≥ 3) and included patients with spinal fracture and/or injury, significant facial fractures (LeFort II or III), vascular injuries, intrathoracic or intraabdominal injuries, femur or pelvic fracture, and second-or third-degree burns comprising > 20% body surface area. 4 Nonisolated head injury (polytrauma) was therefore defined as an ISS of ≥ 16. Detailed patient characteristics are shown in Table 1 .
Outcome Measure
We defined the need for ICU admission as the occurrence of an ICU-level intervention during the initial 48 hours after presentation. The 48-hour interval was chosen because of our institutional practice to routinely observe patients with mild TBI for 1-2 days; this time frame is also consistent with that of previous literature and in published guidelines. 11, 21, 23 An ICU-level intervention included any of the following scenarios: cardiopulmonary instability requiring continuous monitoring or supportive care (i.e., arterial line placement or vasopressor and/or inotrope use); a decrease in GCS score of > 1 point; development of focal neurological deficits; seizure; blood or blood product transfusion; intubation; placement of ICP monitor or other invasive monitoring; or unanticipated need for surgical intervention of any kind. The list of ICUlevel interventions was derived from the Task Force of the American College of Critical Care Medicine guidelines for ICU admission, in conjunction with expert opinion. 22 Details of what was defined as an ICU-level intervention are provided in Table 2 .
Sample Size and Power Calculation
Of the adult population from the same database, 20% of patients required an ICU-level intervention. 16 We assumed the same for our pediatric TBI population. Based on this, we estimated requiring a cohort of 243 patients by using the sample size equations below, where n is the population size from which the sample is chosen, r is the proportion of events (0.20), and Z(c/100) is the critical value for the confidence level c (assuming a margin of error of 5% and a confidence level of 95%). 9, 20 The equations are as follows: x = Z(c/100)2r(100 -r), and n = Nx/((N -1)E 2 + x).
Statistical Analysis
Data were analyzed using both univariate and multivariate strategies. Candidates for variables were selected based on clinical experience, historical precedent, and evidence-based practice. Independent variables were tested in a multivariate analysis through a stepwise regression. At each step the best remaining variable is added, provided it passes the 5% significance criterion, and then all variables currently in the regression are checked to see if any can be removed using the > 10% significance criterion. Predictors identified with a p value of < 0.10 were analyzed by binary recursive partitioning using Classification and Regression Trees (CART) (Salford Systems) to create the final CDR. In recursive partitioning, sequences of binary splits are made to better elucidate the relationship between a series of independent predictor covariates and the dependent outcome covariate. We used the Ginni splitting function in the software and set a misclassification cost for missing a patient with an ICU-level intervention at 20:1. This represents the cost of misclassifying 20 patients who did not receive an ICU-level intervention for 1 patient who did receive one. In statistical theory, this is analogous to the Type 2 (false negative) error rate and is, ideally, mitigated as much as possible. The final CDR is composed of multiple variables that, by definition, must all be satisfied for patients to be classified as having a low risk of requiring an ICU-level intervention.
Results
Initially, a total of 563 and 385 patients were identified in the TBI and trauma registries, respectively. After reviewing for accuracy and completeness and merging the 2 databases, a total of 290 patients met our inclusion criteria for pediatric patients (age ≤ 16 years), with mild TBI and positive cranial CT findings. On further review, however, it was determined that 6 patients requiring neurosurgical intervention were inappropriately included for having an initial nonoperative treatment plan. In these instances (i.e., children with depressed skull fractures) the definitive decision for neurosurgical treatment was deferred to obtain subspecialty consultation and treatment by a pediatric neurosurgeon. Because these patients technically had initial operative plans, they were excluded. (None of these patients suffered from neurological decline or needed surgical intervention for a change in neurological status.) As a result, a total of 284 patients were analyzed.
The mean age was 7 years (SD 5 years), and 184 patients were male (64.8%). Patients were either admitted to the ICU (231; 81.3%) or to the wards (53; 18.7%). The most common mechanisms of injury were falls (159; 56.0%), MVC (35; 12.3%), and bicycle accidents (33; 11.6%). The majority of patients had an initial GCS score of 15 (167; 58.8%); only 12 patients (4.2%) had a GCS score of 13. Most patients (221; 77.8%) had isolated head injuries. The most common cranial CT findings were intraparenchymal hemorrhage and/or contusion (141; 49.6%), subdural hematoma (86; 30.3%), and epidural hematoma (62; 21.8%). The median length of hospital stay (LOS) was 2 days, with an interquartile range (IQR) of 1-3 days. Table 1 presents an overview of patient characteristics.
A total of 40 (14.1%) patients required an ICU-level intervention. These cases were most commonly cardiopulmonary instability (20; 7.0%), intubation unrelated to surgery (13; 4.6%), and unanticipated surgery (12; 4.2%) ( Table 2 ).
Derivation of Our CDR
From the 8 independent predictor covariates identified by multivariate regression analysis (Table 3) , binary recursive partitioning derived a CDR with 5 predictor variables for requiring an ICU-level intervention: MLS > 5 mm, intraventricular hemorrhage (IVH), nonisolated head injury (polytrauma and ISS > 16), postresuscitation GCS score of < 15, and cisterns absent (Fig. 1) . According to the CDR, low-risk patients cannot have any of the aforementioned predictor variables; any "yes" causes an immediate departure from the low-risk cohort. The CDR correctly identified 37 of 40 patients who required an ICU-level intervention (sensitivity 92.5%; 95% CI 78.5-98.0) and 154 of 244 patients who did not require an ICU-level intervention (specificity 63.1%; 95% CI 56.7-69.1). This results in a negative predictive value (NPV) of 98.1% (95% CI 94.1-99.5) ( Table 4 ). The likelihood of this NPV occurring by chance is extremely low (Z-test, p < 0.0001). Once the CDR was applied, 69 patients (30%) who were initially admitted to the ICU would have instead been admitted to the wards (Table 5 ). This change in disposition was statistically significant according to the chi-square test (p < 0.0001).
Three patients (1.1%) were misclassified by the CDR. This means that 3 patients initially categorized as low risk and admitted to the ward would have ended up requiring an ICU-level intervention by our definition (Table 6 ). One patient required operative intervention for orbital muscle entrapment; one required multiple transfontanelle taps (and eventual shunt placement) for symptomatic subdural hygromas; and the remaining patient required repair of a skull fracture, after a dog bite, to retrieve an intraparenchymal bone fragment. All patients misclassified by the CDR survived to hospital discharge.
Discussion
We derived a CDR that defines a subset of pediatric patients with mild TBI who are at low risk for an ICU-level intervention. We contend that these low-risk patients can be safely managed on the ward. According to the Pediatric Emergency Care Applied Research Network (PECARN) study results, these low-risk patients with TBI are the majority (98%) of those presenting to emergency departments across the US. 19 Our registry data seem congruent with this large prospective epidemiological study that suggests that falls, assault, MVCs, and sports-related activities are the most frequent mechanisms of injury in this population.
One of many important outcomes from PECARN and subsequent studies has been the validation of their CDR to identify patients who do not need cranial CT scans. 16 From the perspective of radiation exposure and resource overuse, this has important implications. However, most of the other large predictive TBI studies have been in the adult population. 3, 5, 10, 12, 17, 18 These have helped with our understanding of the pathophysiology and management of this condition; however, it is unmistakable that pediatric patients suffering from TBI are unique. 2 For example, in children, presentation to the hospital is often delayed, and their first point of contact in falls is more likely to be their heads. 2 The cranium is more compliant, and hypotension and hemodynamic instability is often a late finding in pediatric shock. It is also clear that GCS scores for young children and infants can be difficult to assess accurately, and that the clinical history obtained is often vague, especially in the setting of nonaccidental trauma. Management also differs, from securing the airway to weight-based medication dosing. Consequently, despite the well-developed CDR in adults, which successfully identified a subgroup with mild TBI who did not require ICU admission, it is clear that this does not necessarily apply to pediatric patients. 16 The CDR developed here is unique in its focus and may offer a novel adjunct in the triage of pediatric TBI. It does not supplant the PECARN CDR and is only pertinent once a patient meets criteria for a cranial CT. It also appears to make sound clinical sense. Patients without polytrauma, with normal findings on neurological examination, patent cisterns, and insignificant MLS on cranial CT would reduce the level of concern for any clinician. Even the absence of IVH after TBI is reassuring because its presence (without the immediate need for external ventricular drainage) is a known indicator of a more severe injury. 15 There are, however, a multitude of factors that can influence clinical decision making, and we do not recommend that this CDR be used in isolation.
This study should also be interpreted in the context of several limitations. Most notably, the data, although prospectively collected, were retrospectively analyzed and are representative of a single center's experience. External validity is therefore not achievable. Furthermore, only 284 patients were identified who satisfied our inclusion criteria, due in part to difficulty with merging the trauma and neurosurgery TBI registries. From the onset, the initial database queries returned with different sized cohorts that could not be reconciled. As a result, it is plausible that patients were missed who should have been included during the merging process. It is unclear how this would have affected our results or the derived CDR; however, a larger sample would have allowed for a more robust and statistically stable multivariate analysis that does inform the binary recursive partitioning algorithm. Inaccuracies may have also occurred because the initial cranial CT findings were not consistently corroborated by an attending neuroradiologist.
It seems unlikely, however, that major findings would be missed-consultation at our institution inevitably involves the chief resident and/or faculty neurosurgeon. Furthermore, if a neuroradiology addendum occurs, the initial consultation notes from which the data were abstracted The CDR also has inherent misclassification. Simply put, it is not 100% sensitive, and false negatives do occur. In this instance, our instrument failed to identify 3 patients who underwent an ICU-level intervention. On review of the charts, the infant requiring repeated transfontanelle taps, although initially stable, had been acting irritable for several hours prior to the intervention. In both of the surgical patients (1 with orbital muscle entrapment and 1 with a depressed skull fracture) surgical planning decisions were made after some deliberation among treating physicians. Thus, on closer examination, the failure of the CDR to identify these patients would probably have had a minimal effect on their outcomes. Our false-negative rate in the context of all patients admitted to the ward by the CDR (3/154, 1.9%) is consistent with the literature on adult patients. 24 Of note, the infant's irritability did not correspond with a documented change in GCS score. This could represent a reporting error that affected the CDR's ability to detect an ICU event.
Conclusions
Ultimately, the goal is to determine the generalizability of the CDR and to limit the selection bias inherent in retrospective analyses. If this CDR was generalizable, its impact on policy, health care utilization, and overall quality of care delivered to pediatric patients with TBI would ostensibly be substantial. In our institution, this patient population represents approximately 40% of all pediatric ICU admissions, illustrating the considerable potential for the CDR to improve resource allocation. Although this analysis has produced promising results, we wish to reiterate that it is a single institution's experience. It will require further confirmation with prospectively collected multicenter data, examined against a control group, prior to meaningful implementation. Furthermore, this effort is insufficient because it lacks a formal cost-effectiveness analysis. This is in part due to inconsistent Extended Glasgow Outcome Scale data in our pediatric registries. The goal of a future prospective analysis would be to include such data to assess utilities, changes in quality-adjusted life years, and cost.
It is important to note that general "cost savings" is not our perspective; rather, our perspective is the appropriate allocation of limited resources. By identifying a subgroup of pediatric patients with TBI who can be safely monitored and managed on the ward, the ICU can be reserved for the most critically ill patients.
